TISSUE, CELLULAR, SUBCELLULAR REPAIR
There is evidence for slower/less repair in many cellular systems after high LET compared to after low LET irradiation 1) . In tissues, this includes both early and late reactions, as well as residual injury characterised by a low re-irradiation tolerance 2, 3) . Such effects in tissues are reflected by responses of the target cells responsible for injury, for example in intestine, bone marrow, epidermis and testis 4) . Chromosome aberration data provide further evidence of the slow rate of repair of neutron-induced damage in many cell types in vivo and in vitro. This includes early repair assessed using premature chromosome condensation (PCC) as well as late repair assessed using dicentics/fragments and micronuclei techniques (Table 1) . Studies have also been performed to assess hprt point mutations and deletions as a function of LET. There are various reports of no significant differences in mutation spectrum with increasing LET eg 5, 6) . However, there is some evidence for differences in deletion sizes as a function of LET [7] [8] [9] .
DNA DAMAGE AND REPAIR
In recent years, these observations have been supplemented by many examples of DNA double-strand-break (DSB) repair differentials, using different cell types and various high LET beams ( Table 1 ). The total data are consistent with the hypothesis that the damage induced in cells is qualitatively different at high LET than at low LET, and this is manifest in slower/less repair of the primary DNA lesions, which result sequentially in chromosome aberrations, target cell death, and tissue responses.
The differential repair rates have been modelled 10) using the variable repair half-time model. This is based on the following premises: a) irradiation produces a continuous spectrum of DSB types, b) the spectrum reflects the distribution of energy deposition, c) each DSB type has its own probability of repair, quantified by its inherent repair half-time (IRHT), d) the mean IRHT increases with time because of repair. The model provides a descriptive framework for the slower repair rate, where the severer lesions at increasing LET 11) are repaired more slowly. Evidence for a greater ratio of DSB/SSB with increasing LET 12) also supports the hypothesis of a greater clustering of damage at high LET. Nonetheless, the repair model remains empirical and it awaits interpretation at a mechanistic level. Although the size of the clustered/complex lesions has been calculated fairly accurately from physical principles 13) , their constitution in terms of the types of DNA-break end-structures needing repair remains to be elucidated. Repair fidelity has been studied after high and low LET irradiation, using the Not I DNA hybridisation technique 14) . This measures the reconstitution of intact Not I restriction fragments on chromosome 21 after irradiation using single copy DNA probes, following separation of the fragments by size using pulsed field gel electrophoresis. This correct rejoining appears to be representative of the whole genome, and it is quantified as a percentage of the total rejoining. After X-irradiation, about 50% of the total rejoining occurred in the first 2 hours and this was largely the correctly rejoined percentage. Approximately the same proportion (50%) of correct rejoining of DSB in contrast to misjoining, albeit with less total rejoining, has been reported recently after a-particle compared with after X-irradiation 15) . The results for a-particle irradiation would be consistent with the slower repair of the more-severe lesions involving misjoining of a high percentage of these breaks.
APOPTOSIS
Apoptosis can be induced in some cells by low levels of damage. This non-inflammatory mode of cell death has been considered to prevent autoimmune disease, and to delete mutated cells which may otherwise lead to malignancy or hereditary abnormalities in the case of germline transmission. Apoptosis occurs within hours of damage induction in lymphocytes, certain stages of germ cells, and in primate salivary and lacrimal glands 16, 17) . RBE values have been obtained for various high LET irradiations (Table 2 ). Particular features are that the values in general are higher for epithelial than lymphoid cells, and a tendency has been noted for a morerapid apoptotic response after higher LET irradiations 18) . Hence the timing of such measurements in comparisons is important.
In the mouse small-intestinal crypt, apoptosis occurs in the stem cell zone near the base but above the Paneth cells. The peak incidence of 4-6 apoptotic cells per crypt occurs at 4-6 h after an acute low dose of irradiation. A dose of around 5 cGy of low LET irradiation can be detected using this technique. After a low-dose-rate exposure, the time course is advanced but the peak incidence is unchanged. Hence, there is no significant dose-rate effect at the low doses used to induce this effect. The time course after neutron irradiation is approximately the same, but neutrons are much more effective in inducing apoptosis 19) . Doses of 0.5 and 1 cGy neutrons produce a level of apoptosis significantly above background. The dose-effect-curve for apoptosis can be constructed as a survival curve for the cells which have not undergone apoptosis expressed as a percentage of the maximum plateau level (minus the control level). This results in a Do value of about 20-25 cGy for g-rays, and about 6 cGy for 14.7 MeV neutrons. The precise values largely depend on the level taken as the plateau value. This gives an RBE of 4.0 for monoenergetic 14.7 MeV neutrons and 2.7 for 600 MeV (maximum energy) neutrons ( Table 2) . Measurements of target cell size and calculations of track density lead to the conclusion that one track of high LET irradiation would be lethal, in a nucleus 6 mm across 19) .
As there is no evidence for a threshold level of dose for apoptosis induction, estimates can be made of the incidences of apoptosis after occupational exposures. Scaling the data for mouse to a man exposed to the occupational limit of 50 mSv per year, it can be calculated that around 2.5 ¥ 10 6 cells per intestine could be aborted per man per working day using this cell deletion mechanism 20) . An example is aircrew members who may be at 1/20 of this dose level. Hence it is likely that apoptosis plays an important role in deleting damaged cells in renewing tissues such as intestine, bone marrow and testis.
In p53 null mice it has been shown that there is a lack of radiation-induced apoptosis in intestinal crypt cells 21, 22) , and in type A spermatogonia 23, 24) . In p53 heterozygous mice there is an intermediate level of spermatogonial cell survival possibly associated with apoptotic levels in 25) , and spontaneous tumours 26) in p53 heterozygotes. Hence, in individuals possessing mutations in genes controlling apoptosis eg p53 germline mutations in Li-Fraumeni families, deficiencies in apoptosis could have important consequences for the hereditary promulgation of additional mutations and for carcinogenesis 27) .
CONCLUSIONS
1. It is concluded that, in general, there is a slow rate of repair of cellular damage after high than after low LET irradiation, which is observed at the level of DNA DSB, chromosome breaks, cell death, and tissue reactions. 2. The slower rate can be interpreted in terms of the greater difficulty in repairing the more severe lesions induced by high LET irradiation. 3. DNA DSB can induce apoptosis, and the RBE for neutrons varies from 1 to around 4 for different cell types. In general, RBE values are higher for epithelial cells than for lymphoid cells, indicating that epithelial cells are more resistant to apoptosis than lymphoid cells . Also, there is some evidence for faster apoptosis in lymphocytes after high LET irradiation. 4. Considerations of track structure, lead to the calculation that a single track is sufficient to delete a cell through apoptosis. 5. Cell deletion by apoptosis in renewing tissues is considered a protective mechanism for the organism in removing mutated cells from renewing tissues in which tumours could arise, or from spermatogenic tissue in order to prevent germ-line transmission of mutations.
